Background: 8q24.21 is a frequently amplified genomic region in colorectal cancer (CRC). This region is often referred to as a 'gene desert' due to lack of any important protein-coding genes, highlighting the potential role of noncoding RNAs, including long noncoding RNAs (lncRNAs) located around the proto-oncogene MYC. In this study, we have firstly evaluated the clinical significance of altered expression of lncRNAs mapped to this genomic locus in CRC.
Introduction
Colorectal cancer (CRC) is one of the most frequently diagnosed malignancies and a leading cause of cancer-related deaths worldwide [1] . High degree of mortality associated with CRC is largely due to late disease detection and lack of availability of adequate prognostic biomarkers, including the currently used tumor-node-metastasis (TNM) classification system from the American Joint Committee on Cancer for predicting tumor prognosis and recurrence. This highlights the need to develop robust prognostic biomarkers for CRC, and the expectations are that such biomarkers must offer a superior prognostic clinical usefulness compared with existing TNM staging classification. In addition, such biomarkers must perform independent of the existing classification criteria, and possess adequate prognostic significance for specific subgroups defined by TNM staging [2] .
The chromosome 8q24.21 locus is one of the most highly and frequently amplified genomic region in CRC patients, and chromosomal gains at 8q23-24 have frequently been observed in CRC cell lines, primary tumors, as well as CRC metastases. More specifically, the single nucleotide polymorphism (SNP) rs6983267 at this locus has been shown to confer increased risk for CRC susceptibility [3] [4] [5] [6] . Furthermore, the 8q24.21 locus also harbors the MYC proto-oncogene; however, other than MYC, there are few protein-coding genes in this region-hence often referred to as a 'gene desert' [7] . To gain further insights into the etiology of cancer, until recently, the research focus has been preferentially on the protein-coding genes, which were thought to play a key role in cancer progression. However, the recognition of non-protein coding genes, or noncoding RNAs (ncRNAs), which make up more than 95% of the human genome, have revolutionized our understanding, because these ncRNAs play in virtually all diseases including cancer [8] .
Among the family of ncRNAs, much attention has been focused on the biological and clinical significance of small noncoding RNAs such as microRNAs (miRNAs), as well as long noncoding RNAs (lncRNAs) [9] . Previous studies have provided evidence that specific lncRNAs demonstrate altered expression in various cancers, including CRC [10] . Since previous studies have failed to identify any specific risk-susceptibility protein-coding genes in the 'gene desert' on 8q24, it is plausible that this region may in fact be a 'ncRNA oasis'. If true, this would provide additional support for the functional and potential clinical significance for amplification of this region in CRC.
In view of this important gap in knowledge, we undertook the present study to characterize the expression alterations of lncRNAs, specifically mapped to the 8q24.21 locus, to identify whether any of these may have prognostic significance in CRC patients. In this first report of its kind, while systematically interrogating the clinical significance of lncRNAs associated with the 8q24.21 locus, we identified that high expression of colon cancer associated transcript 1 (CCAT1) and CCAT2 are associated with tumor recurrence and poor survival, and furthermore combination of these markers efficiently predicted tumor recurrence compared with the existing clinicopathological factors. We conclude that CCAT1 and CCAT2 are very attractive and potential prognostic biomarkers in CRC.
Materials and methods

Patients and sample collection
This study included analysis of a total of 300 fresh frozen tissue specimens, which encompassed 280 samples of primary colorectal adenocarcinoma and 20 matched corresponding normal mucosa tissues, collected from three institutes (Cohort 1; Mie University, Cohort 2; National Cancer Center Hospital, and Cohort 3; Tokyo Medical and Dental University). Patients who underwent resection of their primary tumor and were histologically confirmed to have a stage 0-IV CRC were included in this study. Details of the clinicopathological features of the patients involved in this study are shown in supplementary Table S1, available at Annals of Oncology online, and the flow chart of the present study is shown in supplementary Figure S1A , available at Annals of Oncology online. 
Statistical analysis
Receiver operating characteristic (ROC) curves with Youden's Index was established to determine optimal cut-off values for each lncRNA as it related to recurrence-free survival (RFS) and overall survival (OS). In multivariate analyses, a Cox proportional hazard model was used to identify clinical factors with a statistically significant influence on survival. Differences with a P value of <0.05 were considered statistically significant. We followed the criteria of Reporting recommendations for tumor MARKer prognostic studies (REMARK) [11] . Details are shown in supplementary Materials and Methods, available at Annals of Oncology online.
Results
The screening phase identified upregulation of specific lncRNAs in colorectal cancer
Twelve lncRNAs mapped to the 8q24.21 locus, which possess a HUGO Gene Nomenclature Committee (HGNC) symbol, and have previously been suggested to associate with cancer progression, were selected as candidates for initial screening (supplementary Figure S1B , available at Annals of Oncology online). We compared the expression level of each of the twelve lncRNAs in a Cohort 1, comprising of 20 matched CRCs and normal mucosa (supplementary Figure S2 , available at Annals of Oncology online) [12] [13] [14] . Five of the twelve screened lncRNAs; CCAT1, CCAT1-L, CCAT2, pvt1 oncogene (PVT1), and cancer susceptibility candidate 19 (CASC19), were significantly up-regulated in cancer versus normal tissues (P ¼ 0.037, <0.001, 0.017, <0.001, 0.002, respectively). The prostate cancer associated transcript 1 (PCAT1) was at or below the limit of detection in most patients, and no significant differences were observed for the other six lncRNAs. Based on these results, we selected the five significantly up-regulated lncRNAs (CCAT1, CCAT1-L, CCAT2, PVT1, and CASC19) for further evaluation.
The testing phase revealed that high expression of CCAT1, and CCAT2 was associated with poor recurrence free survival and overall survival in CRC patients Next, during the testing phase, we examined the expression of CCAT1, CCAT1-L, CCAT2, PVT1, and CASC19 in 125 CRC tissue specimens from Cohort 2. CCAT1-L and CASC19 expression was undetectable in two patients and PVT1 in three cases. The expression levels of these five lncRNAs were analyzed in the context of various clinicopathological characteristics and prognosis of the patients. The detailed associations between clinicopathological characteristics and expression of each lncRNA are shown in supplementary Table S3 , available at Annals of Oncology online.
We thereafter evaluated the prognostic significance of each lncRNA using the Kaplan-Meier analysis. High levels of CCAT1 and CCAT2 expression were significantly associated with poor RFS (P ¼ 0.049 and 0.022, respectively), and poor OS (P ¼ 0.028 and 0.015, respectively) ( Figure 1A and B). Besides, high levels of CCAT1-L expression was significantly associated with poor RFS (P ¼ 0.048). However, expression alterations in PVT1 and CASC19 did not demonstrate a significant association with tumor recurrence (P ¼ 0.178 and 0.087, respectively) and patient survival (P ¼ 0.113 and 0.290, respectively), as shown in supplementary Figure S3 , available at Annals of Oncology online. Accordingly, CCAT1 and CCAT2 were selected as candidate lncRNAs for further validation and evaluation of their prognostic potential in another independent patient cohort.
Prognostic significance of CCAT1 and CCAT2 lncRNAs was validated in an independent cohort of CRC patients
To further confirm and validate the prognostic significance of the two candidate lncRNAs, we analyzed another, large, independent cohort of 135 CRC tissues (Cohort 3). The high and low categorical expression cut-off thresholds were determined using Youden's index. The associations between each lncRNA expression and clinicopathological features are shown in supplementary Table  S4 , available at Annals of Oncology online. RFS data was not available for one patient with stage III CRC and excluded from RFS analysis.
Next, we evaluated the association between expression of both lncRNAs with RFS and OS. Consistent with the findings in Cohort 2, high levels of CCAT1 and CCAT2 expression were significantly associated with poor RFS (P < 0.001 and 0.010, respectively) as well as poor OS (P ¼ 0.011 and 0.025, respectively) as shown in Figure 1C and D.
CCAT1 and CCAT2 expression was an independent predictor of poor RFS and OS in CRC patients Interestingly, multivariate analysis revealed that the expression levels of CCAT1 (HR: 2.52, 95%CI: 1.07-5.56, P ¼ 0.036) and CCAT2 (HR: 2.39, 95%CI: 1.10-5.08, P ¼ 0.029) were independent factors for predicting poor RFS and poor OS (CCAT1: HR: 5.90, 95% CI: 2.09-24.7, P < 0.001 and CCAT2: HR: 2.40, 95% CI: 1.22-4.59, P ¼ 0.011; Table 1 ). Taken together, we successfully validated the prognostic significance of both CCAT1 and CCAT2 expression as important prognostic biomarkers in multiple cohorts of CRC patients.
CCAT2 expression significantly correlated with microsatellite status in colorectal cancer
Microsatellite status was available for 72 stage II and III CRCs from cohort 3 (MSS: 68 and MSI: 4). CCAT2 expression was significantly higher in MSS CRCs, compared with MSI patients, although no statistically significant differences were observed in CCAT1 expression (P ¼ 0.007 and 0.228, respectively; supplementary Figure S4 , available at Annals of Oncology online).
CCAT1 and CCAT2 expression significantly correlated with MYC expression in colorectal cancer
Since there have been suggestions that lncRNAs mapped to the 8q24.21 locus may be associated with MYC, we evaluated the relationship between expression of CCAT1 and CCAT2 with MYC. We evaluated MYC expression by qRT-PCR in the Cohort 3. Both CCAT1 and CCAT2 expression were significantly correlated with MYC expression (r ¼ 0.66, P < 0.001 and r ¼ 0.74, P < 0.001, respectively; supplementary Figure S5 , available at Annals of Oncology online), further supporting the functional and clinical relevance of our findings in colorectal cancer.
Combined expression of CCAT1 and CCAT2 was a superior predictor for RFS and OS in CRC patients
Due to correlative functional nature of CCAT1 and CCAT2, we were curious to examine associations for their combinatorial expression in predicting RFS and OS. In this regard, we categorized all patients into three groups; (i) with elevated expression of both CCAT1 and CCAT2, (ii) with elevated expression of either CCAT1 or CCAT2, and (iii) with low expression of both CCAT1 and CCAT2. By performing such analysis, we discovered that the patients that co-expressed high levels of CCAT1 and CCAT2 correlated with poorer RFS compared with other groups (P ¼ 0.049 both high versus either high, P < 0.001 both high versus both low, respectively; Figure 2A ). In the case of OS, the three groups were more spread out, such that both high versus either high (P ¼ 0.038) and both high versus both low (P ¼ 0.002) were significantly different from one another, and demonstrated that patients with high levels of both CCAT1 and CCAT2 had the worst OS. Furthermore, multivariate analysis by combining expression levels of both CCAT1 and CCAT2 revealed that the group of patients with high co-expression of CCAT1 and CCAT2 had higher hazard ratios for RFS (HR: 2.60, 95%CI: 1.04-6.06, P ¼ 0.042) and also for OS (HR: 8.38, 95%CI: 2.68-37.0, P < 0.001) compared with the both low expression group (Table 1 ).
An RFS prediction model highlighted the prognostic potential of CCAT1 and CCAT2 in colorectal cancer
We constructed an RFS prediction model with various combinations of parameters including serum carcinoembryonic antigen (CEA) and the expression levels of CCAT1 and CCAT2 using the Cox proportional hazard model, in which the area under the curves (AUCs) for each variable were compared by constructing ROCs for 5 years' recurrence in stage I-III CRC patients ( Figure  2B ). The combination of CCAT1, CCAT2, and CEA expression yielded the greatest AUC of 0.793 (95%CI: 0.687-0.876). Thereafter, we evaluated the RFS using this model in stage II and stage III CRC patients separately. This model efficiently distinguished RFS in both stage II and stage III CRC patients (P ¼ 0.034 and 0.001, respectively, Figure 2C ).
Discussion
In the present study, we for the first time have carried out a comprehensive investigation on the clinical significance of lncRNAs mapped to the 8q.24.21 locus 'gene desert', in CRC. We found that five of the 12 lncRNAs in this locus were upregulated in CRC, and among them, high expression of CCAT1 and CCAT2 significantly associated with poor RFS and OS in CRC patients, in two independent cohorts. A recent study revealed that the MYC enhancer region physically interacted with the CCAT1 promoter region and thereby regulated its expression [15] . In addition, Xiang et al. using chromosome conformation capture (3C) assays showed that CCAT1-L locus, which is the long-isoform of CCAT1 and overlaps with CCAT1, physically interacts with the rs6983267 SNP region and the MYC promoter region [13] . Furthermore, previous reports have shown that CCAT2, which is transcribed from one of the best-characterized enhancers of MYC, MYC-335 and encompasses the well-recognized rs6983267 SNP, regulated MYC expression by enhancing WNT activity through augmenting the TCF7L2 transcriptional activity [12, 16, 17] . Interestingly, mice lacking MYC-335 demonstrated resistance to the formation of intestinal tumors normally resulting as a consequence of the APCmin mutation [16] . These basic evidences are in support with our current findings for the correlative analyses of CCAT1 and CCAT2 expression with MYC in CRC tissues. In fact, our study herein, provides first clinical validation to the series of previously published basic functional studies suggesting that CCAT1 and CCAT2 play an essential role in CRC progression, which may in part be mediated through their interactions with MYC [18] . Other than interaction with MYC, McCeland et al. demonstrated that CCAT1 can be a target of bromodomain and extraterminal (BET) inhibitor, and considering that CCAT1 is highly associated with tumor recurrence, targeting this lncRNA by BET inhibitor may be a promising strategy to overcome tumor recurrence [19] . While, we evaluated the association between microsatellite status and CCAT1 and CCAT2 expression, in line with previous reports, CCAT2 expression was higher in MSS CRCs [12] . It is known that the prognosis of MSS CRCs is poorer; hence our results imply that CCAT2 might be a potential therapeutic target especially for patients with MSS CRC.
Following a potentially curative surgery, approximately 30% of CRC patients will often eventually develop metastases, in spite of adjuvant therapies [20] . Although adjuvant chemotherapy provides significant survival benefit in stage III patients, its clinical significance in stage II CRCs remains controversial. Recently, it was suggested that a subset of stage II CRC patients may benefit from adjuvant chemotherapy, but a priori identification of such patients remains a clinical challenge [21] . In this regard, in our present study, we have established an RFS prediction model by utilizing the expression levels of CCAT1 and CCAT2 with serum CEA. We demonstrated that this model predicted RFS not only in stage III CRC patients, but in stage II CRC patients as well. Hence, the prognostic biomarkers identified in our study, and our novel RFS prediction model may serve as an actionable approach for clinical decision-making for adjuvant therapy in stage II CRC patients.
We acknowledge that one of the limitations of our study is that it was retrospective in nature, and future large scale prospective studies may be needed to confirm our results. Nonetheless, the fact that we analyzed, multiple independent cohorts of patient tumor samples strengthens the validity of our findings.
In conclusion, several lncRNAs located in 8q24.21 are highly expressed in CRC and may be associated with carcinogenesis or tumor progression. Among these over-expressed lncRNAs, we identified that CCAT1 and CCAT2 are associated with tumor recurrence and poor prognoses, and evaluating the expression of these two lncRNAs may provide useful, actionable, biomarkers for predicting tumor recurrence or prognosis in CRC patients.
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